ABSTRACT The course of diapause development under Þeld conditions for diapausing larvae of Adoxophyes orana (F.v.R.) (Lepidoptera: Tortricidae) was investigated. Larvae of A. orana were collected during the winter and early spring from 1996 to1999 from peach and cherry trees in the area of Naousa in northern Greece. Each larva was placed individually in a plastic cylindrical cell with a piece of artiÞcial diet at 20ЊC under long-day (16:8 L:D) or short-day photoperiods (8:16 L:D
DIAPAUSE IS THE BASIC means by which insects and related arthropods in temperate zones cope with unfavorable environmental conditions (Tauber et al. 1986 ). Diapause induction, maintenance, termination, and postdiapause development and growth are mainly regulated by abiotic factors such as photoperiod, temperature, and moisture. However, other factors such as food quality and moisture may also play a role (Beck 1980 , Danks 1987 , Tauber et al. 1998 . Duration of diapause is critical for ensuring the survival of insects under unfavorable environmental winter conditions. An early emergence from diapause might expose insects to harsh conditions, whereas a delayed emergence might result in the insects being out of synchrony with their hosts.
Several studies have illustrated the inßuence of photoperiod and temperature on diapause maintenance and termination (Boyne et al.1985 , Nechols 1987 , Ishihara and Shimada 1995 . Although some insects terminate diapause in direct response to external stimuli, for most other species in which diapause maintenance has been studied in natural populations, no speciÞc stimulus was found to be responsible for diapause termination (Tauber et al. 1986 , Hodek and Hodková 1988 , Obrycki et al. 1990 , Tzanakakis et al. 1991 , Han and Bauce 1996 , Tobin et al. 2002 . Soon after diapause induction or after a period of intensiÞcation, diapause developmental processes take place through physiological changes, which gradually complete the diapause stage (Danks 1987 , Hodek 1996 . For many insect species, diapause development is completed by midwinter, but postdiapause development and growth do not occur until rising temperatures in spring permit resumption of growth and morphogenesis (Tauber et al. 1986 ).
The summer fruit tortrix, Adoxophyes orana (Fischer von Rö slerstamm), is considered to be a major leafroller pest of peach and other deciduous trees in Europe (Janssen 1958 , Savopoulou-Soultani et al. 1985 , Charmillot and Brunner 1989 . Larvae feed mainly on leaves but will also attack fruits superÞcially when they are in contact with leaves. A. orana overwinters as a third-instar larva and has a facultative diapause that occurs in response to decreasing photoperiods at the end of October (Berlinger and Ankersmit 1976, Charmillot and Brunner 1989) . Bonnemaison (1977) carried out extensive studies on diapause induction of A. orana under various photoperiodic regimens. Ankersmit (1968) studied diapause termination of larvae of A. orana for a laboratory population. Berlinger and Ankersmit (1976) studied diapause termination of larvae of A. orana under Þeld conditions by placing newly hatched larvae on an artiÞcial diet outdoors in late summer and periodically transferring diapausing larvae to continuous light. In both studies, larval populations originated from northern Europe.
The purpose of this study was to study diapause termination for a Greek strain of A. orana under Þeld conditions in northern Greece and determine the ef-fect of photoperiod on diapause development. Determination of the diapause termination date for this important pest could be useful in predicting postdiapause phenology of Þeld populations.
Materials and Methods
Experiments were conducted between 1996 and 1999 with insects that were collected from an unsprayed orchard, which was located in northern Greece (40.5Њ N) . Throughout the winters of 1996 and 1997, larvae were collected from peach and cherry trees to investigate whether there was an effect of host tree on diapause intensity. Samples of shoots bearing overwintering larvae of A. orana were cut and transferred to the laboratory. Between 1997 and 1999, larvae were collected only from peach trees. Larvae were placed individually in plastic cells together with artiÞcial diet (Milonas and Savopoulou-Soultani 2000) . Cells were placed in controlled environment chambers (Precision ScientiÞc; General Electric, Louisville, KY) maintained at 20ЊC under long-day (16:8 L:D h) or short-day photoperiods (8:16 L:D h). All larvae were checked every 2 d, and diet was replaced. Immediately after the Þrst molt, the head capsule was removed from the cell with a Þne camel hair brush and placed on a glass plate. Head capsule widths were measured across the widest point under a stereoscope with a micrometer to estimate the instar of the overwintering population of A. orana. Days to Þrst molt and completion of larval development after the transfer of larvae to the laboratory were determined for each larva at each sampling date. The pupation of larva after its transfer to the laboratory was used as a criterion for diapause termination.
Diapause intensity of A. orana overwintering larvae was studied in 1997. Overwintering larvae were collected from peach trees in October, before the onset of low temperatures. Larvae were placed in continuous dark at 4ЊC. After 10, 20, 30, 35, and 50 d, larvae were placed individually into plastic cells containing artiÞcial diet (20ЊC; photoperiod of 8:16 L:D h). Fortyseven larvae were used in this experiment. The number of days until pupation was recorded for each larva.
The effect of sampling date on mean number of days until Þrst larvalÐlarval ecdysis and pupation after transfer to the laboratory was determined by analysis of variance (ANOVA) for each experimental period separately. When needed, data were transformed appropriately to avoid heterogeneity of variances (untransformed means are presented in the Tables). A three-or two-way ANOVA was performed to determine whether sampling date, photoperiod, and host plant inßuenced the number of days until pupation for each observation period. ANOVA was also performed to determine whether the amount of time the A. orana larvae were held at 4ЊC inßuenced diapause intensity (Sokal and Rohlf 1995) .
Results
Instar of Overwintering Larvae. Head capsule widths of overwintering larvae ranged from 0.25 to 0.65 mm during the 3 yr of observations. Mean head capsule widths were 0. 44, 0.46, and 0.46 mm in 1996 Ð 1997, 1997Ð1998 and 1998 Ð1999, respectively . Width of the head capsule was similar on each sampling date for each observation period. Head capsule width for the majority of Þeld-collected larvae (85%) was found to be between 0.39 and 0.58 mm, whereas 15% of larvae had head capsule widths below 0.38 mm. According to Skoulakis (1997) , head capsule widths for secondinstar larvae were between 0.26 and 0.38 mm, whereas for third-instar larvae, they were between 0.40 and 0.58 mm. Consequently, the majority of A. orana overwintering larvae were in the third instar.
Diapause Termination. In 1996 Ð1997, larval development until pupation, for each sampling date, was completed without signiÞcant differences between the two host plants, whereas sampling date and photoperiod had a signiÞcant effect on the development of overwintering larvae until pupation. There also was a signiÞcant interaction effect between photoperiod and sampling date, indicating that photoperiodic sensitivity was modiÞed by the sampling date. A signiÞ-cant effect of photoperiod and sampling date, as well as a signiÞcant interaction between these two factors, was observed in 1997Ð1998 and 1998 Ð1999 for A. orana larvae from peach trees (Table 1) .
1996 -1997. Days to larvalÐlarval ecdysis and pupation consistently decreased in both photoperiods as the season progressed. Duration until larvalÐlarval ecdysis was shorter for larvae collected from the peach orchard on samplings after 13 January than for those collected on 3 January and kept under a long-day photoperiod of 16:8 (L:D) h, (F ϭ 26.31; df ϭ 7,217; P Ͻ 0.001) or under a short-day photoperiod of 8:16 (L:D) h (F ϭ 27.15; df ϭ 7,209; P Ͻ 0.001; Table 2 ). On 26 January, under a long-day photoperiod, however, duration until larvalÐlarval ecdysis was not different than that on 3 January. In samples from the cherry orchard, a signiÞcant difference in the mean number of days until larvalÐlarval ecdysis was observed among sampling dates under both photoperiodic regimens (long day: F ϭ 20.43; df ϭ 7,192; P Ͻ 0.001, 16:8 L:D h; short day: F ϭ 33.43; df ϭ 7,180; P Ͻ 0.001, 8:16 L:D h; Table 3 ). For larvae collected on 24 January, mean number of days until larvalÐlarval ecdysis was different from that on 18 February under long-day lengths, whereas under short-day lengths, a signiÞcant difference occurred between sampling on 4 January and 24 January (Table 3) .
In regard to pupation, on 22 December 1996, overwintering larvae, which after their transfer to the laboratory were placed under a photoperiod of 16:8 (L:D) h, completed their larval development and Þ-nally pupated within 39.4 d at 20ЊC, whereas the larvae collected from the orchard on 7 February fulÞlled their development after 31.3 d (F ϭ 13.26; df ϭ 8,192; P Ͻ 0.001). On the contrary, larvae that were kept under a photoperiod of 8:16 (L:D) h pupated after 52 and 47 d when they were sampled on 22 December and 3 January, respectively, and after 36.6 d when sampled on 13 January (F ϭ 7.88; df ϭ 8,222; P Ͻ 0.001; Table 2 ). The time from sampling to pupation for Þeld-collected larvae from cherry trees was similar to that observed for larvae from peach trees ( Table 3 ). The number of days needed for A. orana larvae to pupate at 16:8 (L:D) h decreased from 31.5 d on 22 December to 26.6 d on 17 March (F ϭ 6.77; df ϭ 8,200; P Ͻ 0.001; Table 3 ). In contrast, individuals placed at 8:16 (L:D) h on 22 December required 50.5 d to pupate. From 22 December to 4 February, the number of days needed to pupate under the short photoperiod decreased from 50.5 to 34.1 d (F ϭ 9.93; df ϭ 8,178; P Ͻ 0.001). In the last sample of January and the Þrst sample of February, larvae required 34 Ð37 d to pupate at both photoperiodic regimens (Table 3) .
1997-1998. The effect of photoperiod on diapause development changed along with sampling time. The mean number of days required for the Þrst larvalÐ larval ecdysis for larvae collected early in the season (November) and maintained under a long-day photoperiod was 17.3 d and gradually decreased to 9.8 d on 3 January (F ϭ 16.71; df ϭ 6,141; P Ͻ 0.001; Table  4 ). In contrast, larvae maintained under the short-day photoperiod proceeded to molt after 28.7 d on 28 November and after 15.5 d on 3 January (F ϭ 26.67; df ϭ 6,165; P Ͻ 0.001; Table 4 Table 4) .
1998 -1999. There was a signiÞcant difference in number of days required for A. orana overwintering larvae to molt among different sampling dates. A. orana overwintering larvae that were collected on 3 December proceeded to molt after 24.8 and 30.7 d under a long-day and short-day photoperiod, respectively, whereas, for larvae collected on 31 December, mean number of days to molt under long-day or shortday photoperiods was decreased to 16.6 and 20. Table  5 ). Duration in days of overwintering larvae until Table  5 ). By mid-January, the duration in days until molt or pupation of the A. orana overwintering larvae was approximately the same between the two photoperiodic regimens. However, there was variability in diapause development among years. After spending an extended period under Þeld conditions, overwintering larvae developed spontaneously under both photoperiodic regimens used in these experiments. Therefore, after several months of diapause, photoperiodic regimen did not inßuence days to diapause break.
Diapause Intensity. Mean number of days required until pupation of overwintering larvae at 20ЊC and 8:16 (L:D) h after various time periods at 4ЊC is shown in Fig. 1 . Exposure time at 4ЊC had a signiÞcant effect on larval development until pupation (F ϭ 12.04; df ϭ 4,42; P Ͻ 0.001). Larvae that were kept at 4ЊC for 10 and 20 d completed their development at 20ЊC and pupated after Ϸ45 d, whereas after Ն30 d at 4ЊC, the respective time was Ϸ30 d, which was about the same for larvae collected from the orchard in early February (Table 4) .
Discussion
Head capsule width of overwintering larvae ranged between that of second-and third-instar larvae when they developed on mature peach leaves in the laboratory (Skoulakis 1997) . Our results are in agreement with that of Bonnemaison (1977) , who reported that A. orana overwinters as a third-instar larva in diapause and more rarely at the second or fourth instar. Berlinger and Ankersmit (1976) also reported that A. orana enters diapause as a third-instar larva. Both of these studies involved populations from northern Europe.
Completion of diapause development for A. orana in northern Greece seems to occur in late January. Low temperatures do not permit larval development, which is resumed in spring. In the same general area of northern Greece, in insect species such as Coccinella septempunctata L. and Eurytoma amygdali Enderlein (Hodek et al. 1989 , Tzanakakis et al. 1991 and mites such as Panonychus ulmi Koch (Koveos and Broufas 1999) , diapause development is completed by midwinter, and development is resumed in the spring. In contrast to our Þndings, Berlinger and Ankersmit (1976) found that, for a strain of A. orana from The Netherlands, diapause development was not completed for the whole population even at the end of spring. It is possible that this difference between the two populations reßects the higher diapause intensity of the population from northern Europe. Moreover, the differences between the results obtained here and those of other studies are mainly attributed to the different origin of the insects. Geographic variation in the incidence of diapause termination is expected to occur for A. orana, as is the case for other insect species (Gomi 1997) . 
Sampling date
First molt (days Ϯ SE) (n) Pupation (days Ϯ SE) (n) 22 December Ñ a Diapausing larvae, after being transferred from the Þeld to the laboratory, Þnally completed diapause development independently of the photoperiod under which they were kept. This fact implies that larval exposure to low temperatures is not necessary for diapause development. However, low temperatures that might have occurred until the Þrst sampling could have an impact on diapause development. This is consistent with observations in another tortricid species, Endopiza viteana Clemens, for which a period of low temperature might not be required for diapause completion (Tobin et al. 2002) . Diapause of the mite P. ulmi in the same area of northern Greece can be completed without exposure to low temperatures (Koveos and Broufas 1999) . Even for insect species that originate from cold climates, such as Choristoneura fumiferana Clemens in Canada, a chilling period is not a prerequisite for diapause termination (Han and Bauce 1996) . Therefore, periods of low temperatures in nature may be a means of conserving metabolic reserves and preventing postdiapause morphogenesis, which in turn synchronizes spring emergence (Hodek and Hodková 1988) .
Photoperiod had a signiÞcant inßuence on the development of diapausing larvae. A short-day photoperiod, in the Þrst autumn and winter collections, maintained diapause, whereas a long-day photoperiod favored diapause termination. Berlinger and Ankersmit (1976) reported a similar photoperiodic effect for a strain of A. orana from northern Europe. The sensitivity of diapausing larvae to photoperiod diminishes as diapause progresses. Photoperiodic sensitivity can no longer be observed in mid-January, because the number of days from sampling to pupation is similar under long-and short-day photoperiods. A similar response had been observed for other insects, such as Platynota idaeusalis Walker (Boyne et al. 1985) and Ancylis comptana Froelich (Obrycki et al. 1990 ). On the contrary, for the mite P. ulmi, which was studied in the same area of northern Greece, diapause termination was not inßuenced by photoperiod (Koveos and Broufas 1999) . Diapause maintenance in its Þrst stages of expression does not allow larval development because of high temperatures that might occur in the area during the beginning of winter. This reaction ensures the insectÕs survival under the unfavorable environmental conditions of the forthcoming winter.
Diapause intensity is a physiological trait represented by the duration of diapause under given conditions of the environment (Masaki 2002) . Duration of diapause affects the time of its termination. Phillips and Barnes (1975) demonstrated that, for Cydia pomonella L., the sooner that diapause is initiated in the previous season, the earlier that diapause development is completed during the overwintering period. For A. orana, diapause intensity seems to be the major factor that determines the time of diapause termination in the Þeld. Tauber et al. (1986) reported that, for most insects of the temperate zone that undergo autumnal-hibernal diapause, a speciÞc stimulus responsible for diapause termination has not been found. The sensitivity that these insects express to some inducing and maintenance factors diminishes progressively, and diapause terminates spontaneously during the winter. The time of diapause termination depends on its intensity, which is predetermined for each species, as well as for each strain of a species (Tauber et al. 1986 ). Our results show that the strain of A. orana from northern Greece has weak diapause intensity, which terminates by midwinter.
For A. orana overwintering larvae collected in the Þeld at an early stage of diapause development (late NovemberÐ early December) and transferred to a short-day photoperiod in the laboratory, a high variation in diapause duration, ranging from Ϸ40 to185 d, was recorded. This variation in diapause intensity could be attributed to a high genetic variability within the local population or to variations in temperature and photoperiodic conditions experienced by the lar- (17) a Means followed by the same letter within a column are not signiÞcantly different (P Ͻ 0.005, Tukey-Kramer test). vae during the course of diapause induction in the Þeld, which occurs in several insect species (Danks 1987) .
It was found that there is a close relation between diapause and cold hardiness for A. orana. Diapausing larvae exhibited stronger cold hardiness ability than the nondiapausing larvae (Milonas and SavopoulouSoultani 1999) . Although diapause development seems to occur early in the winter, Þeld-collected larvae in February were found capable of a low supercooling point, which might be the reason for successful overwintering (Milonas and SavopoulouSoultani 1999) . A. orana overwintering larvae undergo a long period without any development, until the rising temperatures in the spring permit continued development.
Knowing the date of diapause termination in the Þeld is essential for predicting insect appearance in the spring. Postdiapause development of overwintering larvae depends mainly on temperature. We have previously shown the relation between larval development and temperature (Milonas and SavopoulouSoultani 2000) . Combined with the data from the current study, the occurrence of larval population can be predicted. Management of A. orana is greatly facilitated by the ability of predicting the structure of the larval population, because for all the products used against A. orana, timing of intervention is extremely important to obtain the best efÞcacy (Charmillot and Brunner 1989) .
